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The karst hydrologic system in Pindul Cave can be categorised 
as ‘binary’ because it is recharged by the developed cave sys-
tems around it and by the Kedungbuntung ponor, which origi-
nates from an undeveloped karst system. The main objective of 
this study is to determine whether there are any differences in 
the aquifer characteristics that recharge to the Kedungbuntung 
ponor and the Pindul Cave outlet, using a time-series analysis 
approach. This analysis was conducted using univariate (auto-
correlation) and bivariate (cross-correlation) statistical meth-
ods, which analyse data based on the domains of time (time-
based analysis) and frequency (frequency-based analysis). Fur-
thermore, the Master Recession Curve (MRC) calculation was 
conducted to confirm the time-series analysis result. Water level 
and rainfall data in both locations were recorded every 15 min-
utes over a six-month period (January–June 2017; N = 17,376). 
According to the time-series analysis, both locations were re-
charged by conduit, fissure and diffuse flow components; this 
observation was also confirmed by the MRC graphs which bore 
three components of recession. Comparison between the two 
locations showed that the Pindul outlet releases storage aquifers 
faster than Kedungbuntung. This condition may be caused by 
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Afid Nurkholis, Tjahyo Nugroho Adji, Eko Haryono, Ahmad 
Cahyadi & Slamet Suprayogi: Aplikacija analiz časovnih vrst 
za karakterizacijo kraškega vodonosnika z jamskim sistemom 
Pindul, Indonezija
Kraški hidrološki sistem jame Pindul lahko označimo kot bi-
narni, saj ga napajajo okoliški razviti jamski sistemi in ponor 
Kedungbuntung, ki se steka z nerazvitega kraškega sistema. 
Glavni cilj te študije je z uporabo analiz časovnih vrst ugoto-
viti, ali obstajajo kakršne koli razlike v značilnostih vodon-
osnika, ki napaja ponor Kedungbuntung, in tistim, ki napaja 
jamo Pindul. Ta analiza je bila izvedena z uporabo univariatnih 
(avtokorelacijskih) in bivariatnih (navzkrižno korelacijskih) 
statističnih metod, ki analizirajo podatke na podlagi časovnih 
in frekvenčnih vrst. Za potrditev rezultatov analiz časovnih 
vrst smo izvedli tudi izračun glavnih recesijskih krivulj (GRK). 
Vsakih 15 minut v šestmesečnem obdobju (januar–junij 2017; 
N = 17.376) so bili na obeh lokacijah zabeleženi podatki o 
vodostajih in padavinah. Glede na analizo časovnih vrst obe 
lokaciji napajajo komponente kanalskega, razpoklinskega in 
difuznega toka; to opažanje so potrdili tudi grafi GRK, ki kažejo 
na tri recesijske komponente. Primerjava med obema lokaci-
jama je pokazala, da jama Pindul hitreje sprosti uskladiščeno 
vodo kot Kedungbuntung, kar je posledica kompleksnega 
kraškega sistema v kombinaciji z napajanjem iz ponora Ke-
dungbuntung. Hkrati pa medsebojna korelacija praznjenja za 
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the Pindul Cave outlet having a complex karst system supple-
mented by a developing system, in combination with recharge 
from the Kedungbuntung ponor. Meanwhile, the discharge-
discharge cross-correlation between the two locations was less 
able to describe the complexity of the karst aquifers, as can be 
demonstrated by the tracing test method. In addition, the MRC 
indicated that the aquifers in the Pindul Cave karst system 
(which have developed) may still have a large storage capacity. 
To obtain more comprehensive information, especially with re-
gard to the character of the developed karst system around the 
Pindul karst outlet, a follow-up study must be carried out over 
a longer period using several additional methods to support the 
results of this time series analysis study.
Key words: Master Recession Curve, time series analysis, karst 
aquifer characteristics, Pindul Cave karst system.
INTRODUCTION
Karst aquifers have three types of voids, which makes 
them complicated. Unlike other aquifers, the karst aqui-
fer is challenging for assessment because of its porosity, 
discontinuity and the high variability of its hydraulic pa-
rameters (Ford & Williams 2007). Stevanovic (2015) also 
notes that recognising and understanding a karst aquifer 
development system involves an extended and difficult 
process because of its complexity and heterogeneity. 
White (1969) and Atkinson (1977) explain that the karst 
aquifer has diffuse porosity (the laminar flow that passes 
through homogeneous pores) and conduit porosity (the 
turbulent flow that passes through developed voids). 
Moreover, Atkinson (1985) highlights a kind of fissure 
porosity, which flows through medium voids. Ford and 
Williams (2007) and Rashed (2012) explain that there are 
different methods to characterise the karst aquifer, such 
as water balance estimation, borehole analysis, spring 
hydrograph analysis, water tracing, hydrochemograph 
analysis and aquifer modeling.
In addition to those mentioned above, another 
method of identifying karst aquifer characteristics is to 
analyse the karst spring’s response to the recharge (pre-
cipitation or concentrated infiltration) that flows via the 
ponors into the aquifer system. This method is possible 
because the spring, as an outlet of the karst system, is a 
feature that encompasses the majority of karst aquifer 
characteristics and processes (Bonacci 1993; White 2003; 
Adji & Misqi 2009; Adji 2012; Adji et al. 2017). The karst 
aquifer response is the spring’s discharge, while the re-
charge is the precipitation or concentrated infiltration 
via the ponors. Spring hydrograph analysis can be per-
formed by observing the aquifer response to determine 
the outflow components that contribute to a karst aqui-
fer system because precipitation is the primary recharge. 
Furthermore, precipitation can be correlated with spring 
discharge.
Time-series correlation between precipitation and 
spring discharge can provide an overview of aquifer re-
sponse to precipitation as a recharge or input into the 
system. This approach reveals the true nature of karst 
aquifers in a particular geographical area. According to 
Larocque et al. (1998), time-series analysis is easily im-
plemented and is often used to describe the characteris-
tics of a karst aquifer.
Time series analysis was carried out using both 
univariate and bivariate statistical calculations; these are 
differentiated, according to the unit of measurement, as 
either time-based or frequency-based. Auto-correlation 
(univariate) and cross-correlation (bivariate) analyse the 
data with respect to the time domain and can be con-
verted to the frequency domain. For the latter, auto-cor-
relation was translated into spectral density. Moreover, 
cross-correlation was changed to cross-amplitude as well 
as phase, coherency and gain functions. Explanations of 
the concepts and calculations of each time series analysis 
method can be found in Jenkin and Watts (1968), Man-
gin (1984) and Box et al. (1994).
Time-series analysis of karst aquifers was first prac-
ticed by Mangin (1981; 1984) and Mangin and Pulido-
Bosh (1983) and was, in those times, based on a method 
of single variation, characterised by the individual struc-
ture of a time-series, with the correlation analysis charac-
terised by the transformation of the input (rainfall) to the 
output (spring discharge). Since then, time series analysis 
studies utilising various types of hydrological data have 
been carried out by Padilla and Pulido-Bosch (1995); 
Eisenlohr et al. (1997); Petrič (2002); Rahnemaei et al. 
(2005); Panagopoulos and Lambrakis (2006); Valdes et 
obe območji manj učinkovito opiše zapletenost kraških vodon-
osnikov, kar se lahko dokaže s sledilnim poskusom. Poleg tega 
je MRC pokazal, da ima vodonosnik kraškega sistema jame 
Pindul še vedno veliko zmogljivost skladiščenja. Za prido-
bitev celovitejših informacij, zlasti glede značilnosti razvitega 
kraškega sistema okrog jame Pindul, bi bilo v nadaljevanju tre-
ba izvesti dolgotrajnejšo študijo, v kateri bi z uporabo več do-
datnih metod ovrednotili rezultate te študije z analizo časovnih 
vrst.
Ključne besede: glavna recesijska krivulja, analiza časovnih 
vrst, značilnosti kraškega vodonosnika, jamski sistem Pindul.
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al. (2006); Herman et al. (2009); Liu et al. (2011); Zhang 
et al. (2013), and Kovačič and Ravbar (2016).
Time series analysis can also be applied to a karst 
binary system; namely, one that receives autogenic re-
charge from another karst system. In other words, ‘the 
karst aquifer is a part of the karst system’ (Bakalowicz, 
2005). Larocque et al. (1998) and Kovačič (2010) used 
temperature and electrical conductivity (EC) data (other 
than precipitation, water level, and discharge) in their 
time series analysis of karst binary systems. Additionally, 
Bailly-Comte et al. (2008) examined flood interactions 
between surface rivers and subsurface flow using time 
series analysis, while Mayaud et al. (2014) applied the 
same type of analysis and a MODFLOW model to assess 
overflow in binary karst systems.
Thus, the purpose of this study was to apply time-
series analysis to determine the difference in aquifer re-
charge between the Kedungbuntung ponor and the Pindul 
Cave outlet. Both locations are a unified system that can be 
categorised as karst binary. However, Kovačič (2010) and 
Kovačič and Ravbar (2016) claim that the classification of 
karst aquifers based on time series analysis alone does not 
adequately describe actual conditions and that other anal-
yses are required to strengthen the results. As such, MRC 
analysis was also conducted in this study, in accordance 
with a review by Katsanou et al. (2015).
GEOLOGICAL AND GEOGRAPHICAL SETTING
The Pindul Cave karst system is located in the central re-
gion of the island of Java. According to Van Bemmelen 
(1970), this karst system is located in Wonosari Basin 
(Fig. 1), stretching north of the Gunungsewu karst, as 
described by Danes (1910); Lehmann (1936); Haryono 
(2000); and Haryono and Day (2004). This subzone con-
sists of Miocene limestone of the Wonosari and Kepek 
formations. The Wonosari formation comprises enor-
Fig. 1: Regional geology of the Pindul Cave karst system (after Van Bemmelen 1970 and Kusumayudha 2005).
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mous areas of coral-reef limestone in the south and bed-
ded chalky limestone in the north (Balazs 1968; Van Be-
mmelen 1970; Waltham et al. 1983; Surono et al. 1992). 
On the other hand, the limestone of the Kepek formation 
is bedded and comprises claystone, sandy marl and cal-
carenite (Kusumayudha 2005). According to Rahaning-
mas (2013), the local stratigraphy of the research area 
is made up of boundstone lithofacies and grainstone. 
Boundstone is a deposited coral-reef limestone from the 
Lower-Middle Miocene and is interfingered with the 
aforementioned grainstone. Grainstone itself is a car-
bonate limestone with coarse-to-smooth sand, deposited 
during the Middle Miocene.
The Pindul Cave karst system has a passage length of 
approximately 300 m and a catchment area of 15.44 km2. 
Agniy (2016) classified the boundstone-dominated zone 
as a ‘developed’ karst aquifer (1.75 km2) and the grain-
stone-dominated zone as an ‘undeveloped’ karst aquifer 
(13.69 km2) (Fig. 2). A developed karst aquifer is char-
acterised by the presence of a number of connected cave 
systems - in this case, as Asri Cave, Greng Cave, Emas 
Cave, Candi Cave, Suruh Cave and Sioyot Cave, which 
extend from east to west (Haryono 2014). This under-
ground river system has an outlet in Pindul Cave (Fig. 3) 
and the springs found in this area have a discharge range 
of 2–77 L/s, while some of the other underground river 
Fig. 2: The Pindul Cave karst system (after Rahaningmas 2013 and Agniy 2016).
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systems that fill the Pindul Cave outlet have a discharge 
range of 210–780 L/s (Tab. 1).
Meanwhile, an undeveloped karst aquifer is char-
acterised by the existence of an epikarst spring and sur-
face river, which flows into the outlet of the Pindul Cave 
through the Kedungbuntung ponor (Fig. 3). According 
to Fig. 2, there is a relationship between the Kedungbun-
tung ponor and the Pindul Cave outlet, with the ponor 
feeding the Pindul Cave system so that this karst system 
may be categorised as binary (Tab. 1).
The rainfall data for a ten-year period (2006–2015), 
gathered by the Karangmojo rainfall station, shows that 
Fig. 3: a) The Pindul Cave outlet. 
b) The Kedungbuntung ponor (July 
27th, 2017; Photo: A. Nurkholis).
Tab. 1: Discharge characteristics of caves and springs in the Pindul Cave karst system in the hydrological year 2017.
Location Type Discharge (Q) L/s
Maximum Minimum Average
Pindul Cave outlet system 30,681 3,456 3,550
Kedungbuntung ponor 11,215 1,575 1,750
Emas - Greng - Asri cave system  -  - 650
Suruh - Candi cave system  -  - 210
Sioyot1 - Suruh - Sioyot2 cave system  -  - 780
Ngancar spring  -  - 77
Jebul spring  -  - 22
Beji spring  -  - 4
Mudal spring  -  - 10
Kali Banteng spring  -  - 2
Fig. 4: a) Yearly rainfall data (in mm/year). b) Monthly rainfall data (2006–2015) at the Karangmojo rainfall station (in mm/month).
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the research area has a monsoon climate, with the greatest 
monthly rainfall occurring in December (296 mm) during 
the October–April rainy season, while the dry season oc-
curs between May–September (Fig. 4). The average annual 
rainfall is 1,725 mm, with the lowest level recorded in 2007 
(926 mm) and the highest in 2013 (2,240 mm).
DISCHARGE AND RAINFALL DATA
In this study, water level and rainfall were measured 
every 15 minutes (N = 17,376). HOBO U20L-02 water-
level data loggers were installed in the Pindul Cave out-
let and in the Kedungbuntung ponor while an automat-
ic rain gauge was installed in the centre of the karst area. 
The data recordings at both sites were conducted over 
a six-month period, from January to June 2017, and in 
order to subsequently convert this data into a discharge 
data series, stage-discharge rating curves were built, 
based on twenty-nine sets of discharge readings taken 
in both locations for peak, average, and low water-level 
conditions. The discharge measurements used the area-
velocity method, and the measurement of flow veloc-
ity used a current meter. To maintain accuracy, flow 
velocity measurements were taken in straight-stream 
segments that were expected to have low turbulence. At 
each point, three flow velocity readings were taken in 
order to determine the average flow velocity. Then, the 
discharge was calculated using the mid-section method. 
Rating curves showed a good correlation between dis-
charge and water levels at the different stations (R2 be-
tween 0.96 and 0.95; Tab. 2). Following this, discharge 
hydrographs were generated for the duration of the 
study period (Fig. 6).
TIME-SERIES ANALYSIS
Time-series analysis was applied in this research using 
univariate (auto-correlation) and bivariate (cross-corre-
Tab. 2: The stage-discharge rating curves for the Pindul Cave outlet and the Kedungbuntung ponor.
Location Number of discharge measurement Stage-discharge rating curve R
2
Pindul Cave (outlet of the karst system) 29 y = 6.01x4.3 0.96
Kedungbuntung (ponor) 29 y = 2,645x0.95 0.95
Fig. 6: Hydrographs of a) the Pindul Cave outlet and b) the Kedungbuntung ponor for a six-month period (January–June 2017).
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lation) statistical measurements. Both of these methods 
analyse data based on time but can be converted to the 
frequency domain. Auto-correlation can be changed 
into spectral density; meanwhile, cross-correlation can 
be transformed into cross-amplitude as well as phase, 
coherency and gain functions. A detailed explanation 
of the concept of time series analysis can be found in 
Jenkins and Watts (1968), Mangin (1984) and Box et al. 
(1994). In this study, time series analysis was calculated 
using XLSTAT software.
Auto-correlation only uses one signal in its analy-
sis. C(k=0.2) is a correlogram showing memory effect, 
which is a karst aquifer’s ability to store an input signal 
(Mangin 1984). Zhang et al. (2013) compared forms 
of correlograms with flood recession hydrographs and 
identified those structures in the correlogram show-
ing the duration release of both the diffuse (long-term 
response) and fissure flow components (intermediate-
term response). The duration release of the fissure flow 
components is obtained from the initial sharp decline 
in the correlogram. Spectral density (S(f)) is a modifica-
tion of auto-correlation in frequency form. S(f) shows 
the data distribution at various frequencies, where the 
peaks of the graph describe the flood cycle or pattern 
in the karst system. Treg (time regulation) quantified by 
spectral density indicates the storage capacity of a karst 
system (Larocque et al. 1998). Generally, a developed 
karst aquifer is believed to have a low memory effect 
and small storage capacity. According to Kovačič (2010) 
and Kovačič and Ravbar (2016), however, this view is 
distorted because a developed karst aquifer may also 
have a high memory effect and large storage capacity.
Cross-correlation Cxy(k) is the relationship be-
tween the input signal and the output signal and is a 
cross-correlogram, identified by a flood hydrograph, 
which has a rising limb, peak discharge and recession 
period (Panagopoulus & Lambarakis 2006). The highest 
value of Cxy(k) denotes the average reaction of the time 
lag (Tlag) in a karst system. According to Zhang et al. 
(2013), the initial sharp decline in a cross-correlogram 
shows the duration release of the fissure flow compo-
nent. Cross-amplitude (Sxy(f)) shows the filtering char-
acteristics of the input signals by the karst system; when 
the Sxy value is close to zero, this means that the Tlag re-
sponse of the system in responding to the input signal 
(Zhang et al. 2013). An undeveloped karst aquifer dom-
inantly filters input signals, so that the Sxy graph is close 
to zero over a longer period of time (lower frequency) 
in comparison to the developed aquifer.
Phase (θxy) shows the difference in frequency be-
tween the input and output signals and occurs because 
the input signal is filtered by the karst system. This dis-
crepancy also produces a graph similar to that of the 
flood hydrograph series. The mean of the time lag (Tlag) 
can be calculated from that series (Panagopoulus & 
Lambarakis 2006). The coherence function (COxy(f)) il-
lustrates the linearity of the input-output in the karst 
system - a system is considered linear when the COxy 
value is close to or equal to 1 (Larocque et al. 1998). 
Linear relationships show that input directly impacts 
output in a developed karst system. Finally, the gain 
functions (Gxy(f)) show the releasing duration of the 
diffuse (base) flow when Gxy>1; the fissure (intermedi-
ate) flow duration when 0.4< Gxy<1; and the conduit 
(quick) flow duration when Gxy<0.4 (Padilla & Pulido-
Bosch 1995).
In a binary karst system, cross-correlation analysis 
and coherence functions need to be carried out to deter-
mine the hydrogeological interconnection between the 
two systems. Larocque et al. (1998) and Kovačič (2010) 
used discharge, water level, temperature, and electrical 
conductivity (EC) data to carry out this analysis. In the 
study outlined in this paper, discharge data were used 
to identify the hydrogeological connection between the 
Kedungbuntung ponor and the Pindul Cave outlet.
MASTER RECESSION CURVE (MRC)
A Master Recession Curve (MRC) was needed at each 
site to determine the release characteristics of the flow 
components in a karst aquifer over the course of a year. 
Posavec et al. (2006) implemented a visual basic program 
to calculate the MRC by way of an automatic matching 
strip method. In their study, the MRC was constructed 
using two recession equation types: (1) simple exponen-
tial for laminar (diffuse) flow; and (2) turbulent linear for 
turbulent (conduit) flow. According to Malik and Vojt-
kova (2010), flood events may consist of several varieties 
of laminar and turbulent flow.
 (1)
 (2)
where Qt is discharged at the time (t), Q0 is the initial 
discharge, e is an irrational number (approximately 
2.71828), α is a recession constant for the diffuse flow, 
and β is a recession constant for the conduit flow. In this 
study, the MRC calculations in Pindul cave outlet and 
Kedungbuntung ponor were aided by RC 4.0 software 
(Gregor & Malik 2010).
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RESULTS AND DISCUSSION
DISCHARGE-DISCHARGE CROSS-CORRELATION 
ANALYSIS AND COHERENCE FUNCTION
The discharge-discharge cross-correlation between the 
Pindul Cave outlet and the Kedungbuntung ponor had 
values of Tlag= 0 and Cxy = 0.86 (Fig. 7); nevertheless, high 
correlation values and fast time lags do not indicate that 
the two locations are directly connected (Kovačič 2010). 
This value suggests that the Pindul Cave outlet and the 
Kedungbuntung ponor produced the same hydrologi-
cal responses and time series structure. The hydrographs 
presented in Figure 6 show that both locations produced 
identical flood responses. According to Nurkholis et al. 
(2017), both locations experienced nine prominent flood 
events during the period from January to June 2017. In 
addition, both exhibited the same conduit flow Tlag (1 
hour 45 minutes) as shown in the cross-correlogram 
(Fig. 9).
In addition, the average discharge-discharge co-
herence function shows a far from linear value of 0.664 
(Fig. 8). Larocque et al. (1998) explained that COxy val-
ues that are close to linear (0.75 and 0.81) indicate that 
the karst system is developed, while COxy values of 0.65 
and 0.7 are indicative of one that is less developed. Mean-
while, Kovačič (2010) claimed that COxy with a value of 
0.87 shows a karst system with a conduit tunnel that de-
velops while a less developed karst has a COxy value = 
0.45. In this study, the Kedungbuntung ponor recharges 
the Pindul Cave through a conduit tunnel that has been 
highly developed at the Tanding Cave (Fig. 9). Values of 
COxy that are far from linear are probably caused by the 
presence of sump in both the Kedungbuntung ponor - 
the Tanding Cave system and Tanding Cave itself - and 
the outlet of the Pindul cave system. This condition was 
confirmed by the results of the tracing test between the 
Kedungbuntung ponor and the outlet of the Pindul Cave 
(Agniy et al. 2017). A Tracer Breakthrough Curve (BTC) 
graph shows four peaks on different days, which indi-
cates a complex system within two locations (Fig. 8).
Fig. 7: a) Cross-correlation function and b) coherency function of discharge-discharge of the outlet of the Pindul Cave and the Kedungbun-
tung ponor.
Fig. 8: a) Tracer Breakthrough Curves (BTC) of the Kedungbuntung ponor versus the Pindul Cave outlet (Agniy et al. 2017), b) the situation 
in Tanding Cave (July 28th, 2017; Photo: A. Nurkholis).
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However, in this study, the results of the time series 
analysis were unable to explain the complexity of the Ke-
dungbuntung ponor and the Pindul Cave outlet, with-
out the addition of the analysis obtained using the water 
tracing method. Meanwhile, Larocque et al. (1998) and 
Kovačič (2010) used electrical conductivity (EC) data in 
the cross-correlation method, which could then easily be 
compared to the tracer tests. Unfortunately, this study 
did not produce EC time series data.
KARST AQUIFER RESPONSES BY TIME-SERIES 
ANALYSIS
In this study, time-series analysis was used to describe 
the karst aquifer response to rainfall. This response was 
subsequently classified into the conduit (quick-flow), fis-
sure (intermediate-flow) and diffuse (base-flow) compo-
nents of discharge. Tab. 3 shows the Pindul Cave outlet 
and Kedungbuntung ponor responses in releasing their 
flow components.
Conduit Flow Release
The response of the conduit flow is shown by its average 
time lag (Tlag) and maximum duration release. The Tlag 
was obtained by a calculation involving the elements of 
cross-correlation, phase function and cross-amplitude, 
while the maximum duration release of the conduit flow 
was obtained by a calculation of the gain function. The 
result of the cross-correlation analysis show that the flow 
discharge was directly proportional to the rainfall. This 
relationship was demonstrated by Cxy, with the highest 
value (0.406 in the outlet and 0.366 in the Kedungbun-
tung ponor) of the Tlag = 1 hour 45 minutes (Fig. 9). Ac-
Tab. 3: Flow component release in the Pindul Cave outlet and Kedungbuntung ponor.
Karst system response Method Indicator Kedungbuntung Outlet
Conduit
T
lag
Cross-Correlation time of correlogram peak 1 hr 45 min 1 hr 45 min
Phase Functions 1 hr 15 min 1 hr 15 min
Cross-Amplitude [Sxy(f)] tends to be zero 1 hr 46 min 1 hr 46 min
max duration Gain Functions gxy(f)< 0,4 30 min 17 min
Fissure
duration
Auto-Correlation Initially sharp decline 3 hr 20 min 3 hr 20 min
Cross-Correlation Initially sharp decline 4 hr 4 hr
duration range Gain Functions  0.4< gxy(f) <1 30 min – 6 hr 40 min
17 min – 1 hr 
51 min 
Diffuse
duration
Auto-Correlation C(k)= 0,02 >50 hr 6 hr 40 min
Spectral Density 
Function 166 hr 40 min 41 hr 40 min
min duration Gain Functions gxy(f)> 1 6 hr 40 min 1 hr 51 min
Fig. 9: a) Cross-correlation functions and b) phase functions of precipitation (input) and discharge (output) at the Pindul Cave outlet and 
Kedungbuntung ponor.
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cording to Panagopoulos and Lambrakis (2006), a small 
Cxy value indicates that signal precipitation has been 
significantly reduced by the karst system. From the two 
values above, it appears that the Pindul Cave outlet had a 
greater Cxy value (0.406) than that found in the Kedung-
buntung ponor (0.366), indicating that the karst aquifers 
around Pindul Cave are more developed.
Furthermore, the results of the phase functions show 
the difference in frequency between input (rainfall) and 
output (discharge) caused by input filtering in the karst 
system. The graphic, which bears similarities to the flood 
hydrograph series, explains that filtering. Figure 9 shows 
the conduit flow frequency as 0.9x10-4–62.4x10-4 and the 
karst system outlet with a Tlag of 1 hour 15 minutes; the 
same as that found in the Kedungbuntung ponor.
Cross-amplitude (Sxy) shows the input signal filter-
ing characteristic by the karst system before release of 
the output signal (discharge). According to Zhang et al. 
(2013), this value is the maximum Tlag of the conduit flow 
and is obtained when the Sxy value is close to zero (Fig. 
9). An undeveloped karst aquifer will filter the signal at a 
high frequency (short period) so that the Sxy value will be 
close to zero at a low frequency. The result shows that the 
Pindul Cave outlet and Kedungbuntung ponor have Sxy 
values close to zero and on the same frequency of 94x10-4 
(Fig. 10). Therefore, both locations have a Tlag = 1 hour 46 
minutes, based on the cross-amplitude graph.
According to Padilla and Pulido-Bosch (1995), gain 
functions (Gxy) show the maximum duration release of 
the conduit flow when the value of Gxy is <0.4. Figure 11 
shows that the Pindul Cave outlet had a value of Gxy<0.4 
at a frequency of >600x10-4; thus, a duration of <17 min-
utes. Meanwhile, the Kedungbuntung ponor had a maxi-
mum duration release in conduit flow at a frequency of 
>330x10-4; thus, a duration of <30 minutes (Fig. 11). The 
results showed that the aquifer recharging the Pindul 
Cave outlet releases a faster conduit flow than the Ke-
dungbuntung ponor.
In summary, the results of cross-correlation, phase 
functions, and cross amplitude analysis show that both 
locations had a similar Tlag characteristic - i.e., a high Tlag 
value (<1 hour 46 minutes). For comparison, a time se-
ries analysis by Kovačič (2010) using hourly data gave a 
Tlag of 17–37 hours. Furthermore, the MRC calculations 
demonstrated that both locations have complex conduit 
flow releases. This condition is indicated by the presence 
of two types of turbulent flow models (green and red), 
both at the Pindul Cave outlet and the Kedungbuntung 
ponor (Fig. 12).
Meanwhile, the gain function analysis showed that 
Fig. 11: Gain functions of precipitation as input and discharge as output at a) the Pindul Cave outlet and b) the Kedungbuntung ponor.
Fig. 10: Cross-amplitude functions of precipitation (input) and discharge (outputs) at a) the Pindul Cave outlet and b) the Kedungbuntung 
ponor.
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both locations had slightly different duration releases in 
conduit flow (<17 minutes in the outlet and <30 minutes 
in the Kedungbuntung ponor). This condition was also 
confirmed by the MRC graph in the Pindul Cave outlet, 
which displayed a secondary turbulent flow (green) and 
was steeper than that of the Kedungbuntung ponor. This 
rapid release took place because when precipitation oc-
curs, the Pindul Cave outlet is dominantly recharged by 
the cave system and the Kedungbuntung ponor. Mean-
while, the ponor is recharged only by the autogenic river.
Fissure Flow Release
The fissure flow release component was analysed accord-
ing to the average and range of its duration. The aver-
age duration release of the fissure flow component is 
obtained from the initially sharp decline in the auto-cor-
relation and cross-correlation graphs (Zhang et al. 2013). 
The duration range is calculated using the gain functions, 
which is when the graph shows values of 0.4< Gxy <1 
(Padilla & Pulido-Bosch 1995). Auto-correlation and 
cross-correlation analyses showed that the Pindul Cave 
outlet and Kedungbuntung ponor had similar duration 
averages in their fissure flow components: approximately 
3 hours 20 minutes and 4 hours (Figs. 9 & 13). The gain 
functions showed that the Pindul Cave outlet had a val-
ue of 0.4< Gxy <1 in a frequency of 90x10-4 – 600x10-4; 
thus, a duration range of 17 minutes – 1 hour 51 minutes. 
Meanwhile, the Kedungbuntung ponor had a frequency 
range of 25x10-4–330x10-4; thus, a duration ranges from 
30 minutes – 6 hours 40 minutes (Fig. 11).
Fig. 12: The Master Re-
cession Curve (MRC) of 
a) the Pindul Cave outlet 
and b) the Kedungbun-
tung ponor.
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Auto-correlation and cross-correlation of the data 
showed that both locations had the same average release 
times in their fissure flows. In addition, the duration 
range of the fissure flow at the Pindul Cave outlet had a 
faster release than the Kedungbuntung Ponor. This was 
also confirmed by the MRC graph in Figure 12, where 
the primary turbulent flow (red) corresponds to the re-
lease of the fissure flow. Here, the Pindul Cave outlet had 
a steeper primary turbulent flow so that the release of the 
component flow fissure was faster than that found in the 
Kedungbuntung ponor.
Diffuse Flow Release
Aquifer responses to diffuse flow are shown in terms of 
average and minimum durations. The average duration 
of the diffuse flow was obtained by implementation of the 
auto-correlation and spectral density functions, while 
the minimum duration was determined using gain func-
tion calculations.
The auto-correlation calculation identifies the du-
ration release of the diffuse flow from the average of all 
recession events. This duration average is obtained when 
the C(k) value reaches 0.2 on the graphic. This is also 
termed the ‘memory effect’ of the karst system (Mangin 
1984). The Pindul Cave outlet C(k) value reached 0.2 
within 6 hours 40 minutes, while the Kedungbuntung 
ponor did not attain this value within the maximum time 
period, as can be seen in the graph. This shows that the 
outlet had a more rapid diffuse flow release than the Ke-
dungbuntung ponor (Fig. 13).
The spectral density (S(f)) results also revealed a 
faster duration release of diffuse flow in the outlet than 
in the ponor. This faster duration release was confirmed 
by the time regulation value (Treg), which produced a fre-
quency of 4x10-4 in the Pindul Cave outlet whereas the 
Kedungbuntung ponor emitted a frequency of 1x10-4. 
When converted to a duration domain, the outlet had a 
duration release in diffuse flow of 41 hours 40 minutes, 
which was faster than that found in the Kedungbuntung 
ponor (166 hours 40 minutes), as shown in Figure 13.
For diffuse flow, Padilla and Pulido-Bosch (1995) 
stated that the minimum duration of diffuse flow occurs 
when the value of Gxy >1. The Pindul Cave outlet reached 
this value at a frequency of <90x10-4 (duration >1 hour 
51 minutes), while the Kedungbuntung ponor did so at a 
frequency of <25x10-4 (duration >6 hours 40 minutes), as 
shown in Fig. 11.
From the auto-correlation, spectral density and gain 
function results, it was apparent that the Pindul Cave out-
let released diffuse flow more rapidly than the Kedung-
buntung ponor. Overall, the Pindul Cave karst system 
(which encompasses both locations) had a fast diffuse 
release or low memory effect. For comparison, the cal-
culations of memory effect and regulation time carried 
out by Kovačič (2010) using hourly data produced values 
of 292 - 635 hours and 1,365 hours. This fast release oc-
curred because the Pindul Cave karst system gains a re-
charge from the underground river system (a developed 
karst) in the vicinity and also from the autogenic river 
(the Kedungbuntung ponor).
Meanwhile, the MRC (blue - Fig. 11) graph at both 
locations shows that diffuse flow storage tends to be sta-
ble, as indicated by a small constant value of α (0.004). 
According to Maillet (1905), the e-α value in equation (1) 
is a recession constant; therefore, diffuse flow recession 
constants in both locations may be calculated using the 
equation 2.71828-0.004 to produce a value of 0.996. The 
recession constant calculation carried out by Adji et al. 
(2016) and Adji and Bahtiar (2016) showed that the value 
of 0.996 reflected stable diffuse flow storage throughout 
the year. This was evidenced by the flow conditions in the 
Pindul Cave outlet and Kedungbuntung ponor, which 
flow continuously over the course of a year, with an av-
erage discharge of 3,973 L/s and 2,195 L/s in the rainy 
season (January–April 2017); and 3,715 L/s and 1,805 
L/s at the beginning of the dry season/end of the rainy 
season (May–June 2017). This result was in accordance 
with Kovačič’s statement (2010); that is, a developed karst 
system can also have a large storage capacity.
Fig. 13: a) Auto-correlation functions and b) Spectral density functions of discharge at the Pindul Cave outlet and Kedungbuntung ponor.
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CONCLUSIONS
This study applied time series analysis to a binary karst 
system between the Pindul Cave outlet and Kedungbun-
tung Ponor. The discharge-discharge coherence func-
tion calculation between these two locations produced a 
value of 0.664 (which was far from linear = 1). This con-
dition showed that there was a contribution from the de-
veloped karst aquifer around Pindul Cave that recharged 
the outlet to the overall binary karst system.
Furthermore, time series analysis may be used to 
analyse the characteristics of karst aquifers in releas-
ing conduit, fissure, and diffuse flow components. The 
results of this study indicated that, in general, the Pin-
dul Cave outlet had a faster release of flow components 
than the Kedungbuntung ponor. This is because aqui-
fers around Pindul Cave have a more complex (devel-
oped) karst system structure. The Tracer Breakthrough 
Curve also demonstrated that the Pindul Cave outlet is 
recharged by two main systems: the developed cave sys-
tem and the Kedungbuntung ponor. Moreover, the latter 
is an autogenic river that is recharged by karst aquifers 
and these tend to be undeveloped.
Time series analyses are statistically based, so there 
is a possibility that study results may not reflect the ac-
tual physical functioning of a particular system. Accord-
ingly, in this study, the MRC was used to confirm the 
time series analysis calculation. The existence of diffuse 
flow components was evidenced by the recession curve 
in the linear flow model, fissure flow in the primary tur-
bulent flow model, and conduit flow in the secondary 
turbulent flow model. The results of the MRC analysis 
demonstrated that the Pindul Cave karst system tended 
to have stable storage of diffuse flow components.
As a side note, the data used in this study had a 
short duration of just six months. In addition, the appli-
cation of data from a specific hydrological year greatly 
influences time series analysis calculations. When data 
are used that span a longer time period, the calculations 
are more likely to reflect actual hydrological conditions. 
Furthermore, the results of this study need to be con-
firmed by follow-up studies - in particular, by installing 
hydrological measuring tools at Sioyot cave or Ngancar 
spring, so that the characterisation of the karst aquifers 
in the Pindul Cave system become more comprehensive. 
It is hopeful that a comparison in the recharge flows 
from the Kedungbuntung ponor and the underground 
river system around the Pindul Cave outlet (Asri, Greng, 
Emas, Candi, Suruh, and Sioyot caves) can be made us-
ing time series analysis and other methods.
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